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ABSTRACT

LOW NOISE AMPLIFIERS AND VOLTAGE VARIABLE ATTENUATORS FOR
SUB-6 GHZ 5G RECEIVER SYSTEMS

ALI BAHADIR ÖZDÖL

EE, M.Sc. THESIS, AUGUST 2022

Thesis Supervisor: Prof. Yaşar Gürbüz

Keywords: 5G, sub-6 GHz, receiver, LNA, attenuator

To achieve the demanding performance specifications of the new generation of com-
munication systems (5G), such as increased high data rate, communication distance,
and low latency, better receiver systems, and new design methodologies are needed.
Moreover, as the number of users increases and the area of usage of RF transmit-
ter/receiver devices broadens tremendously in recent years, the cost of RF systems
gained more importance; thus, the die area became another design concern. Addi-
tionally, decreasing the power consumption also gained importance as the number
of IoT and health monitoring devices increases where battery life is critical. One of
the requirements of 5G is a higher data rate, and in order to meet this requirement,
the noise performance of the RF receiver system should be improved. Furthermore,
to increase the maximum range of the communication, receiver systems with higher
gain should be aimed. Finally, multi-stage sub-blocks such as digital-step attenua-
tors should be replaced with novel and very small attenuator topologies to decrease
the die area and reduce the fabrication cost of receiver systems.

This thesis focuses on designing and implementing sub-blocks of radio frequency
(RF) integrated receiver (Rx) systems such as LNAs and attenuators for the Sub-6
GHz 5G communication. The presented SiGe BiCMOS LNA is designed and fabri-
cated with IHP 130 nm SiGe BiCMOS technology, and it achieves a 27.7 dB gain and
1.15 dB noise figure, which is one of the best performance among the SiGe BiCMOS
LNAs in its frequency band. In addition, two LNAs are designed and fabricated
in GlobalFoundries 130 nm SOI CMOS technology, and these LNAs have a gain of
30.5 dB and 0.85 dB NF. Finally, two VVAs are designed with GlobalFoundries 130
nm SOI CMOS technology. The first VVA is fabricated and measured so that it
achieves 6-bit attenuation performance over DC - 27 GHz frequency range, while
the second VVA reaches ultra-high precision of 0.12 mdB attenuation per step inside
the DC - 10 GHz frequency range.
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ÖZET

6 GHZ ALTI 5G ALICI SISTEMLERI •ÇIN DÜ“ÜK GÜRÜLTÜLÜ

YÜKSELTICILER VE VOLTAJ DE‡I“KENLI ZAYIFLATICILAR

ALI BAHADIR ÖZDÖL

EE, YÜKSEK L•SANS TEZ•, A‡USTOS 2022

Tez Dan�³man�: Prof. Dr. Ya³ar Gürbüz

Anahtar Kelimeler: 5G, 6 GHz alt�, al�c�, LNA, zay��at�c�

Yeni nesil ileti³im sistemlerinin (5G) artan yüksek veri aktar�m h�z� ve maksimum
ileti³im mesafesinin yan� s�ra dü³ük gecikme gibi zorlu performans özelliklerine ula³-
mak için daha iyi al�c� sistemleri ve yeni tasar�m metodolojilerine ihtiyaç vard�r.
Ayr�ca son y�llarda kullan�c� say�s�n�n artmas� ve RF verici/al�c� cihazlar�n�n kullan�m
alanlar�n�n büyük ölçüde geni³lemesiyle birlikte RF sistemlerinin maliyeti daha da
önem kazanm�³ olup ve çip alan� önemli bir tasar�m konusu haline gelmi³tir. Ayr�ca
IoT ve sa§l�k takip cihazlar� gibi pil ömrünün kritik oldu§u cihazlar�n say�s� art-
t�kça güç tüketiminin azalt�lmas� da önem kazanm�³t�r. 5G'nin gereksinimlerinden
biri de daha yüksek veri h�z�d�r ve bu gereksinimi kar³�lamak için RF al�c� sis-
teminin gürültü performans�n�n iyile³tirilmesi ve ileti³imin maksimum menzilinin
art�r�lmas� için daha yüksek kazançl� al�c� sistemleri hede�enmelidir. Son olarak, çip
alan�n� azaltmak ve al�c� sistemlerin üretim maliyetini azaltmak için, dijital ad�ml�
zay��at�c�lar gibi çok a³amal� alt bloklar, yeni ve çok küçük zay��at�c� topolojileri
ile de§i³tirilmelidir.

Bu tez, LNA'lar ve zay��at�c�lar gibi 6 GHz alt� 5G ileti³imi sistemleri için radyo
frekans� (RF) entegre al�c� (Rx) modüllerinin alt bloklar�n�n tasar�m� ve uygulan-
mas�na odaklanmaktad�r. Sunulan SiGe BiCMOS LNA, IHP 130 nm SiGe BiC-
MOS teknolojisi ile tasarlanm�³ ve üretilmi³ olup kendi frekans band�nda SiGe BiC-
MOS LNA'lar aras�nda en iyi performanslardan biri olan 27.7 dB kazanç ve 1.15
dB gürültü rakam�na ula³maktad�r. Buna ek olarak, GlobalFoundries 130 nm SOI
CMOS teknolojisiyle iki LNA tasarlanm�³ ve üretilmi³tir ve bu LNA'lar 30.5 dB ve
0.85 dB NF'ye sahiptir. Son olarak, GlobalFoundries 130 nm SOI CMOS teknolojisi
ile iki VVA tasarlanm�³t�r. •lk VVA, üretilmi³ olup DC - 27 GHz frekans aral�§�nda 6
bitlik zay��atma performans�na ula³t�§� kaydedilmi³tir, ikinci VVA ise DC - 10 GHz
frekans aral�§�nda bit ba³�na 0.12 mdB'lik ultra yüksek hassasiyete ula³t�§� simüle
edilerek gözlemlenmi³tir.
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1. INTRODUCTION

1.1 5G Communication Systems

The communication systems' standardization started with the �rst generation's de-

velopment (1G) in 1983. In the 1G standard, transmitting and receiving voices

in the analog domain are aimed, and digital modulation techniques are not em-

ployed; instead, analog modulation techniques and Frequency Division Multiple

Access (FDMA) are employed (Blecher, 1980). The second generation of the com-

munication systems (2G) was realized in 1991 and dissimilar to 1G, 2G systems

operated in the digital domain and utilized Code Division Multiple Access (CDMA)

and FDMA. With the employment of 2G, the data rates are increased by order of

magnitude, and new services such as Short Message Service (SMS) and Multimedia

Message Service (MMS) are introduced (Rahnema, 1993). The demand for higher

data rates and bandwidth continued to increase, and after another ten years, the

third generation of communication systems was introduced in 2002. New highly-

demanding features such as mobile internet and video call became available with

the increased data transfer speed of the 3G systems.

International Telecommunication Union: Radiocommunication Sector (ITUR) has

aimed for higher data rates for mobile and immobile devices, where the aimed data

rate is 100 Mbps for mobile and 1 Gbps for immobile devices. Orthogonal FDMA

(OFDMA) and Internet Protocol (IP) switching methods have been utilized in 4G

communication systems to obtain such high data rates. (Han & Lee, 2005). The

mobile communication system generations are summarized in Fig. 1.1 (Rao, 2012).

Even though the data rates and bandwidths have increased tremendously with 4G

communication systems, their inabilities have occurred as the communication link

trend has shifted from human-to-human communication to device-to-device commu-
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Figure 1.1 History of 1G, 2G, 3G, and 4G communication system standards.

Figure 1.2 Roadmap of the 5G communication systems.

nication. Due to excessive data usage of devices, a new generation of communication

systems is needed. The �rst release of the �fth generation of mobile communica-

tions (5G) was released in June 2018 by the 3rd Generation Partnership Project

(3GPP) (Lin, Li, Baldemair, Cheng, Parkvall, Larsson, Koorapaty, Frenne, Fala-

hati, Grovlen & Werner, 2019). Since the �rst release of the 5G, 3GPP has aimed to

increase availability, broaden the area of usage, and improve performance. (Ghosh,

Maeder, Baker & Chandramouli, 2019). The roadmap for the 5G systems is shown

in Fig. 1.2 (Lin, 2022).

5G communication systems introduce a vast advancement in the connectivity ca-
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Figure 1.3 Areas of usage for 5G communication systems.

pabilities that were mainly available for mobile devices such as smartphones and

tablets during the Long Term Evolution (LTE) period. Increased data rates, speed,

and availability will be able to push the limits for mobile devices. Moreover, with

the increased availability, new possibilities will be introduced to daily lives, such as

smart homes, the Internet of Things (IoT), and wearable health tracking devices,

as shown in Fig. 1.3 (Xiang, Zheng & Shen, 2016). ITUR has speci�ed some re-

quirements for the 5G technology by studying the necessities of these application

areas. According to ITUR's expectations, the number of devices connected to the

internet will increase signi�cantly with the introduction of IoT to daily lives, and

data rates need to be increased with the 5G communication. Because of this, the

peak downlink data rate of up to 25 Gb/s, an uplink data rate of up to 10 Gb/s are

set as a goal and the speci�cations of the 5G communication is summarized in Fig.

1.4 (Romano, 2019).

1.2 RF Receiver Systems

Typical radio-frequency (RF) receiver systems (Rx) consist of sub-blocks such as

Low Noise Ampli�ers (LNA), Phase Shifters (PS), Attenuators, and Variable Gain

Ampli�ers (VGA), as shown in Fig. 1.5 (Burak, 2021). In the receiver systems, the

noise �gure (NF) is a critical parameter where the received signal's power level is

very insigni�cant and even a small amount of additional noise power may be able to
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Figure 1.4 Speci�ed requirements of 5G communication systems.

Figure 1.5 A 4-channel receiver system's block diagram.

make the signal undetectable since the NF is de�ned as in Eqn. 1.1 (Pozar, 2011),

which is not the case for transmitter systems.

(1.1) F = 1+
Nadded

N i
:

In the receiver architectures, the order of the sub-blocks has signi�cant importance

since it directly a�ects the NF performance of the system. The noise contribution

of each sub-block and the receiver system's overall NF can be calculated using Eqn.

1.2. According to Eqn. 1.2 the �rst sub-block in the receiver chain has to have
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Figure 1.6 Beamforming technique with multiple antenna elements.

very low noise and very high gain to suppress the noise contribution of proceeding

blocks. Hence, for many receiver systems, a high gain LNA is positioned as the �rst

sub-block of the chain to have a better noise performance and amplify the signal

level.

(1.2) Ftotal = F1 +
F2 � 1

G1
+

F3 � 1
G1G2

+
F4 � 1

G1G2G3
:

In addition to LNA, the phase shifter is another commonly used sub-block in the

receiver systems where the beamforming technique is realized. In general, this tech-

nique is actuated to increase the transmitted/received signal's power by utilizing

several antennas and increasing the directivity of the whole antenna array by form-

ing a beam by applying a phase (or time) di�erence between the antenna elements,

as shown in Fig. 1.6 (Kalyoncu, 2019). However, beamforming is not widely used at

low-frequency bands; instead, it is commonly used at mm-wave frequencies where

the free path loss is more critical and challenging.

Finally, attenuators and variable gain ampli�ers are amplitude control blocks used

to decrease or increase the power level to obtain the signal at the desired power

level. These amplitude control blocks become crucial sub-blocks when the dynamic

range of the receiver system is considered; attenuators help to widen the dynamic

range towards the high input power region, while VGAs are helpful to widen the

dynamic range towards the low input power region.
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1.3 Technology Selection

In the literature, there are three main integrated-circuits (IC) technologies that are

used for RF applications, and these technologies can be listed as Silicon-Germanium

(SiGe) Bipolar Complementary Metal-Oxide-Semiconductor (BiCMOS) Heterojunc-

tion Bipolar Transistor (HBT), Silicon Complementary Metal-Oxide-Semiconductor

(CMOS) and III-V compound semiconductors. In general, III-V technologies such

as Gallium-Arsenide (GaAs) achieve very highf T and f max values, making this tech-

nology a valuable candidate for RF circuits. Moreover, other III-V technologies like

Gallium-Nitride (GaN) enable very high power handling capabilities. On the other

hand, III-V technologies' fabrication costs are signi�cantly higher than the other

technologies and have low technology maturity, leading to low wafer yield, making

these technologies unfavorable for mass production. In addition to cost, III-V tech-

nologies do not have CMOS integration, making digital circuits unavailable. Since

the many RF transmitter and receiver chips also include circuits such as analog-

to-digital converters (ADC), digital-to-analog converters (DAC), and digital signal

processing (DSP) circuits, lacking CMOS integration leads to important problems

for III-V technologies. Silicon CMOS technologies excel with their low cost, high

integration, maturity, and yield. Moreover, Field-E�ect-Transistors (FET) in this

technology can perform very similar to ideal switches, which makes it attractive

for RF control blocks such as switches, attenuators, and phase shifters. However,

CMOS technology su�ers from lowf T and f max performance, making it a weak can-

didate for RF ampli�er applications. With the development of Silicon-on-Insulator

(SOI) technology, achievedf T and f max values for the CMOS technology increased

signi�cantly due to the lack of parasitic body capacitances and resistances. Noise

performances of CMOS technologies are also improved with the SOI technology and

can o�er very low NF values. Finally, SiGe BiCMOS technology has been able to

combine both CMOS integration and very highf T and f max values which makes this

technology a very valuable candidate for RF applications. Even though the power

handling capability of SiGe BiCMOS is not as high as GaN technologies, it excels

with its high maturity and yield while having a lower cost than III-V technologies.

Summary of technologies which are commonly used in IC applications are listed in

Table 1.1 (Cressler & Niu, 2002).

In this thesis work, IHP Microelectronics 0.13� m SG13S and GlobalFoundries' 0.13

� m 8SW technology processes were used. IHP's 0.13� m technology is reported

to achievef T and f max of 250 and 340 GHz and breakdown voltage (BV) of 1.7V

with its HBTs. On the other hand, GlobalFoundries 0.13� m technology achieves
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Table 1.1 Relative Performance Comparisons of Various Device Technologies for
RFICs.

Performance
Metric

SiGe
HBT

Si
BJT

Si
CMOS

III-V
MESFET

III-V
HBT

III-V
HEMT

Frequency response + 0 0 + ++ ++
1/f and phase noise ++ + - - - 0 - -
Broadband Noise + 0 0 + + ++

Linearity + + + ++ + ++
Output conductance ++ + - - ++ -

Tranconductance/area ++ ++ - - - ++ -
Power dissipation ++ + - - + 0
CMOS integration ++ ++ N/A - - - - - -

IC cost 0 0 + - - - -
(Excellent: ++; Very good: +; Good: 0; Fair: - ; Poor: - -)

f T and f max of 220 and 250 GHz and BV of 1.2V with the technology's �oating-

body transistors. The IHP process consists of 5 thin metals (M1 - M5) and 2 thick

top metals (TM1 - TM2), while the GlobalFoundries' process consists of 3 thin

metals (M1 - MT) and single thick top metal (MA). These thick top metals can

be used to realize high-quality factor inductors, while high-quality transformers and

baluns may be feasible for the IHP technology only since GlobalFoundries' process

lacks a secondary thick top metal. Both technologies included a high-density metal-

insulator-metal (MIM) capacitor, which is crucial for RF applications. Finally, both

processes o�er di�erent resistor types, such as n-well, p-well, silicided and unsilicided

polysilicon.

1.4 Motivation

With the next generation of communication system technologies, data transfer rates

and bandwidths become more challenging speci�cations than ever. These challenges

have attracted the e�ort of academia and industry, and both parties have paid at-

tention to new transmitter and receiver systems with better performance and lower

costs. On the receiver part of the RF applications, the research aim has always

been towards increased communication distance and increased data rate; because of

that, low noise ampli�ers have been the center of attention for the receiver systems.

The advancement of low noise ampli�ers started with the III-V technology process,

characterized by its high cost and low yield. Even though these technologies o�ered
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excellent performance, LNAs' future was open for further advancement. Therefore,

low-cost silicon-based technologies such as SiGe BiCMOS and SOI CMOS have

gained attention in academia and industry, leading to signi�cant technological ad-

vancement in recent years. With the silicon's unparalleled cost e�ciency and yield

performance, these technologies became one of the best candidates for RF receiver

systems.

The main objective of this thesis is to design two di�erent high linearity low-noise

ampli�ers with SiGe BiCMOS and SOI CMOS technologies to investigate what

advantages and disadvantages in the terms of gain, noise and linearity these tech-

nologies o�er for Sub-6 GHz 5G RF applications. Moreover, with the superior RF

switch performance of SOI CMOS technology, a new approach to attenuators will

be demonstrated, which is called Voltage Variable Attenuator (VVA). Apart from

conventional attenuator topologies, the designed VVA excels with its very low in-

sertion loss (IL) and minimal core area, which is critical to further decreasing the

receiver systems' cost. Finally, a novel VVA topology will be proposed, which aims

for attenuation control with ultra-high precision and ease the control of VVAs.

1.5 Organization

This thesis' organization can be summarized as follows: in Chapter 2, �rstly, chang-

ing demands and trends of receiver systems are discussed, and the newly de�ned

requirements of the state-of-the-art LNAs are explained. Furthermore, the choice of

IC technology for each LNA work and the advantages, disadvantages, and feasibility

of the chosen technology is discussed. Apart from the technology discussion, anal-

ysis, and measurement results of di�erent LNAs designed in IHP Microelectronics

0.13 � m SG13S and GlobalFoundries' 0.13� m 8SW technology processes are pre-

sented. This part brie�y explains appropriate design choices and techniques for each

technology and packaging method. Finally, the designed LNAs are compared with

other state-of-the-art LNAs, and the work's strong and weak points are discussed

and summarized.

Chapter 3 contains fundamental knowledge of conventional attenuator topologies,

discusses the strong and weak points of these topologies, and then moves towards

a more novel topology. A wide-band VVA design is presented in the latter section,

where necessary theoretical analyses are shown and have been proved with simu-

8



lation results. Following to theoretical part, measurement results of the designed

VVA are presented and compared with other state-of-the-art attenuator works in

the literature. Furthermore, a novel ultra-high precision VVA topology is presented

with the analyses used during the design procedure, and the simulation results are

shown in a later part.

Chapter 4 summarizes the work in this thesis and opens up a discussion of the

limitations and possible solutions to these limitations. A list of future work �nalizes

the thesis.
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2. HIGH LINEARITY LOW NOISE AMPLIFIERS FOR SUB-6

GHZ 5G RECEIVER SYSTEMS

2.1 Introduction

This chapter will cover design procedures, simulation, and measurement results of

Sub-6 GHz high linearity LNAs. In section 2.2, shifting trends and the up-to-date

requirements of state-of-the-art LNAs will be discussed. In section 2.3, an LNA

designed and fabricated in 130 nm SiGe BiCMOS technology will be thoroughly

discussed. Finally, in section 2.4, two 130 nm SOI CMOS LNAs' design steps,

analyses, and results will be presented in detail.

2.2 Low Noise Ampli�er Requirements

Sub-6 GHz applications have pushed for higher data rate requirements with each new

generation. The demand for increased data rates has not only increased expectations

on the noise performance of LNA but also created a demand for increased communi-

cation distances which have attracted attention to massive multiple-input-multiple-

output (MIMO) systems (Huang, Nisbet, Lam, Doherty, Quaglietta & Vaillancourt,

2011). MIMO systems have introduced a new challenge for modern receiver chains,

an increased linearity requirement since a stronger interferer resistance is required

with each new channel in the sub-6 GHz region.

In receiver systems, a low NF is one of the most determinative speci�cations for a

high data rate and maximizing the range of communication. Since the LNA mainly

10



dominates the noise �gure of a receiver system, many modern receiver systems re-

quire an LNA with very low NF and high gain. Moreover, high gain increases the

maximum communication distance, which is valuable for MIMO systems. Also,

LNAs with high linearity are crucial if the signal detection range is signi�cantly

large and interferers are present.

Three topologies are widely available for the selection of LNA topology: common-

emitter/source, common-base/gate, and cascode. Common-base/gate topology

achieves noise matching with a lower power consumption than the other topolo-

gies (Zhuo, Li, Shekhar, Embabi, de Gyvez, Allstot & Sanchez-Sinencio, 2005). On

the other hand, these topologies lack a low NF and high power gain performance.

Common-emitter/source topologies introduce the lowest NF among these topolo-

gies. However, cascode topology o�ers the highest gain, which is valuable when the

overall NF of the receiver chain is considered.

This chapter will discuss three di�erent high linearity LNAs utilizing two di�erent

technologies. The �rst one of these LNAs mainly covers the 5 - 6 GHz frequency

range, while the other two LNAs focus on a wider bandwidth of 2 - 5 GHz. 130nm

SiGe BiCMOS technology has been chosen for the design and the fabrication of the

high-frequency LNA since the SiGe BiCMOS technology o�ers higherf T values than

the other silicon-based technologies. This decision is mainly due to two advantages

of SiGe BiCMOS technology. First, having higherf T transistors improves the noise

�gure performance of the devices in higher frequencies. Secondly, the high gain of

an LNA is a vital parameter to allow the LNA to dominate the NF of the receiver

chain, which is another reason for selecting SiGe BiCMOS technology with a higher

trans-conductance at the same DC current and higherf T than the SOI CMOS (Li,

Wang, Jain, Ding, Boenke, Wang, Wolf & Joseph, 2015). On the other hand, for the

lower frequency LNAs, SOI CMOS technology is more feasible since it achieves lower

minimum available noise �gure values (NFmin ) than SiGe BiCMOS technology. This

situation can be explained by the technology's isolated substrate technology, which

reduces the noise inserted from inductors and other devices through the silicon

substrate. Additionally, available power gain values tend to be higher in lower

frequencies; hence high power gain performances are achievable with SOI CMOS

technology without using high f T transistors. Therefore, for the design and the

fabrication of the 2 - 5 GHz LNAs, 130nm SOI CMOS technology has been chosen.
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Figure 2.1 The relationship between the NFmin , bias voltage and the current density.

2.3 A 6 GHz Low Noise Ampli�er in 130nm SiGe BiCMOS

2.3.1 Input Matching

Since noise performance is the most important performance criteria for the LNAs,

optimizing the noise performance is the most critical and the �rst step of an LNA

design. Therefore, �rstly, the bias voltage of the device at the ampli�er's input

is chosen according to the lowest possible NFmin . The current density should be

selected accordingly to achieve the lowest NFmin . The relationship between the

NFmin , bias voltage and the current density is shown in Fig. 2.1.

Since the lowest possible NFmin achievable when the bias voltage is 810 mV, the

total device area should be selected such that noise and power matching should be

satis�ed at the same time. Conventionally, this can be achieved by selecting the

device size such that the optimum noise re�ection coe�cient� opt is placed on the

R=1 cycle on the Smith Chart. Afterward, with the help of a degeneration inductor,

12



Figure 2.2 Conventional power and noise matching method for LNAs.

S11 is placed on the R=1 cycle, and �nally, with a series base inductor, S11 is pushed

to the center of the Smith Chart as shown in Fig. 2.2.

In this work, instead of using the conventional simultaneous power and noise match-

ing method, the number of transistors of the common-emitter device of the �rst

cascode stage is selected to enable input matching without using an inductor in the

input matching network. For inductively degenerated cascode ampli�ers, the input

impedance is given in Eqn. (2.1).Le represents the inductance at the emitter of the

transistor.

(2.1) Z in (! ) =
r �

1+ ( !C � r � )2 (1+ ! 2gmC� r � Le + j (!g mLe � !C � r � )) + j!L e:

Eqn. (2.1) shows that by carefully selectingLe and the number of transistors of

the common-emitter device at the �rst stage of the ampli�er, the input of the am-

pli�er can be matched to 50-
 . The main reason for this approach is to eliminate

the inductors in the input matching network because of their lossy and noisy be-

havior that arises from their parasitic resistances. Since simultaneous power and
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Figure 2.3 NF & NFmin for di�erent input matching methods.

noise matching is not achieved in this approach, the di�erence between the NF and

the NFmin is signi�cantly higher with respect to the conventional technique. How-

ever, this method improves NF and obtains a lower NF than the conventional noise

matching method. The NF di�erence between these two approaches is around 0.1

dB at GHz, and this gap widens as operating frequency increases. The comparison

between the conventional and the modi�ed method can be seen in Fig. 2.3. Both

matching methods use inductors with the same Q-factors on the schematic level

simulation.

2.3.2 Cascode Ampli�er

The schematic of the LNA is shown in Fig. 2.4. Both stages of the LNA are de-

signed in cascode topology, and cascode ampli�er topology introduces high isolation

between its output and input, which enables input matching with negligible e�ects

from the output. For the second cascode stage, a higher inductively degeneration

is used to increase its linearity since the overall ampli�er's linearity is mainly dom-

inated by the second stage.
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Figure 2.4 Schematic of the designed LNA.

At the base node of both common-base transistors, relatively low shunt capacitors

are used, and base bias is applied over a highly resistive resistor. This method is

applied to see signi�cant impedance from the base node of these transistors instead

of creating RF shorts at those nodes. The main aim of the method is to create

a voltage swing at the base of these transistors to increase linearity (Rostomyan,

Torii, Alluri & Asbeck, 2019). The e�ect of the selected capacitance on the IIP3

performance of the ampli�er can be seen in Fig. 2.5. Decreasing the capacitance

at the base node increases IIP3 monotonously, but as the capacitance decrease, S21

also decreases, making the base node's capacitance selection a trade-o� between S21

and IIP3. Therefore, for an optimum and balanced design, a maximum S21 and IIP3

product (OIP3) should be considered during capacitance selection. For the second

stage, OIP3 is maximized when the mentioned capacitance is selected as 230 fF.

Inter-stage and output matching is done using conventional methods using shunt

inductors and series capacitors, which are also used for DC feeding and blocking

purposes.
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Figure 2.5 IIP3 vs. Capacitance characteristic.

2.3.3 Layout Optimization

HBTs in the IHP 130 nm SiGe BiCMOS technology have a restriction for a maximum

number of transistors of eight in a single active region. If more than eight transis-

tors were used in a single device, there should be spacing between these groups of

transistors seen in Fig. 2.6. Since restriction of the number of the transistors would

lead to a bigger active area and longer metal lines, NF would have increased due to

increased parasitic capacitance and resistance. The mentioned restriction is avoided

by redrawing active areas to create transistor groups larger than eight transistors

to prevent this NF increase. In this work, all devices have 88 transistors, and 22

transistors are used per active region row for each device for an optimal layout. Core

layout optimization can be seen in Fig. 2.6. Since the base signal is applied from

the left side, transistors on the right side see more resistance with respect to closer

transistors in the pre-optimization case. In the post-optimization case, these tran-

sistors see less parasitic resistance and capacitance due to decreased distance, which

decreases the NF. Change in the NF is shown in Fig. 2.7. At 6 GHz, simulated NF

is decreased by 0.05 dB. Although the NF di�erence may not be signi�cant, there

is no cost for the core layout optimization, and the optimization also decreases the

core area, and it is applicable to other works with the same technology.
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Figure 2.6 (a) Pre-layout optimization, (b) Post-layout optimization without an LVS
and DRC violation.

Figure 2.7 NF of conventional and modi�ed transistor of the used technology.
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Figure 2.8 Chip photo of the two-stage cascode LNA. Total die area is 1.2mm2 with
pads. The area without pads is 0.75mm2.

2.3.4 Measurement Results

This work is sent for tape-out and fabricated in IHP 130 nm SiGe BiCMOS tech-

nology. The chip photograph of the reported LNA is shown in Fig. 2.8. The chip

area without pads is 0.75mm2. The S-parameters are measured from 3 GHz to 10

GHz with Cascade Microtech 40 GHz GSG probes by using Keysight N5224A PNA.

The measurement setup for the S-parameters are shown in Fig 2.9. Noise �gure

measurement is conducted for the 4-10 GHz region by using Keysight E4448A PSA

and 346A noise source. Noise �gure measurement setup is shown in Fig 2.10. OIP3

and OP1dB performances of the LNA are measured from 4 GHz to 7 GHz by using

Keysight E8257D PSG and E4448A PSA. Measurement setup for linearity is shown

in Fig. 2.11.

S11 and S22 measurement results are shown in Fig. 2.12, and input and output

matchings are better than -10 dB between 5.8-9.8 GHz. The measurement result of

the output matching was similar to its simulation result. On the other hand, a fre-

quency shift has been observed at the input side. Input matching's lower frequency

limit had been shifted from 5 GHz to 5.8 GHz, which is addressed to the input pad's

parasitic capacitance. The measured small-signal gain (S21) has reached 34 dB at 4
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Figure 2.9 S-parameter measurement setup of the LNA.

Figure 2.10 Noise �gure measurement setup of the LNA.

GHz and was recorded as 27.7 dB at 6 GHz, as shown in Fig. 2.13.

The noise �gure reached its lowest value, 1.05 dB at 4 GHz, and measured as 1.15

dB at 6 GHz. NF is smaller than 2 dB for the matched frequency region. However,

an NF increase has been observed at the low-frequency region due to the input

matching shift between 4-6 GHz. The NF measurement result can be seen in Fig.

2.14.

OIP3 measurement is done by applying two tones centered around the center fre-

quency and the frequency spacing between the tones was selected as 10 MHz. OIP3

was measured as 31.9 dBm at 6 GHz and reached its highest value of 33 dBm at 5

GHz. Thus, the measurement result ensures a highly linear operation. Finally, the

OP1dB was measured as 14.5 dBm at 6 GHz, which is a very high OP1dB value for

LNAs, and it is characterized with the SiGe BiCMOS cascode ampli�ers. Linearity
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Figure 2.11 OIP3 and OP1dB measurement setup of the LNA.

Figure 2.12 Measured and simulated S11 & S22 of the LNA.

measurement results are shown in Fig. 2.15.

Moreover, the reported LNA performed stable operation and no oscillation was

observed when the LNA's output is analyzed with the spectrum analyzer.
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Figure 2.13 Measured and simulated S21 of the LNA.

Figure 2.14 Measured and simulated noise �gure result of the LNA.
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Figure 2.15 Measured and simulated OIP3 and OP1dB results of the LNA.

2.3.5 Comparison

Measurement results of this work are summarized in Table 2.1 and compared

with the other state-of-the-art silicon-based LNAs (Crippa, Orcioni, Ricciardi &

Turchetti, 2003; Han, Gil, Song, Han, Shin, Kim & Lee, 2005; Jha, Zheng, Masse,

Hurwitz & Chaudhry, 2020; Madan, McPartlin, Masse, Vaillancourt & Cressler,

2012; Paulin, Cathelin, Bertrand, Monroy, More-He & Schwartzmann, 2016; Sturm,

Popuri & Xiang, 2014; Subramanian, Krcmar, Deen & Boeck, 2008). Two di�erent

�gures-of-merits are used for comparison.FoM 1 compares gain IIP3,f c, NF, and

DC power consumption (Sturm et al., 2014).

(2.2) FoM1 =
Gain[abs] � IIP 3[mW ] � f c[GHz]

(F � 1)[abs] � PDC [mW ]
:

while FoM2 compares gain, IP1dB,f c, NF, and DC power consumption (Ça�³kan,

Kalyoncu, Yazici & Gurbuz, 2019).
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(2.3) FoM2 =
Gain[abs] � IP 1dB[mW ] � f c[GHz]

(F � 1)[abs] � PDC [mW ]
:

This work achieves one of the highest �gures-of-merit, and lowest NF with respect

to state-of-the-art SiGe BiCMOS LNAs and has one of the highest �gure-of-merits

compared to state-of-the-art Si-based LNAs.
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2.4 Wideband Low Noise Ampli�ers in 130nm SOI CMOS

2.4.1 Input Matching

One of the most demanded speci�cations of an LNA is having wideband input and

output matching without compromising the power gain and noise performance. A

wideband output matching can be achieved very easily for the LNAs by using a shunt

50-
 at the output side without hurting the gain too much and increasing the NF a

lot if the gain of the LNA is very high. On the other hand, using a shunt 50-
 at the

output side also degrades the linearity performance of the LNA; therefore, it may

not be the optimal solution for wideband applications. Apart from the matching of

the output side, input matching of the LNA is more problematic, in general. The

complexity of the input matching comes from the necessity of having both power

matching and noise matching at the same time. For an inductively degenerated

common-source (CS) device, the input impedance is given in Eqn. (2.4) and from

the Eqn. (2.4) it can be seen that the input of the CS device can be power matched

by properly selecting the degeneration inductor,Ls, however, this method does not

guarantee noise matching. To have a noise matching and achieve the lowest possible

NF, device size should also be scaled properly to have aYopt equal to Ys as shown

in Eqn. (2.5).

(2.4) Z in =
1

j!C GS
+ j!L s +

gmLs

CGS
:

(2.5) F = Fmin +
Rn

Gs
jYs � Yoptj2:

Many techniques have been demonstrated in the literature to achieve wideband

input matching. One of the most commonly used techniques is resistive feedback

topology which utilizes a resistor that is connected between the gate and drain nodes

of the CS device to decrease the input impedance by creating a feedback loop as
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Figure 2.16 Common-source ampli�er with resistive feedback.

shown in Fig. 2.16. The most signi�cant disadvantage of this topology is that the

feedback resistor creates noise at the input side of the LNA, thus, increasing the

Fmin e�ectively. With this topology, even though noise matching is established, the

overall NF would get increased due to having a higher NFmin .

Another commonly used topology is the common-gate ampli�er (CG) topology,

where the RF signal is fed to the ampli�er from the FET device's source node,

which is shown in Fig. 2.17. In this ampli�er con�guration, the input impedance

can be found from Eqn. (2.6). According to Eqn. (2.6) input impedance of a

CG ampli�er can be set to 50-
 by setting bias voltage and device size properly.

However, this approach does not yield either the lowest possible NFmin or noise

matching. Moreover, the CG con�guration generally tends to have higher NFmin

and lower power gain than the CS con�guration. Therefore, even though CG am-

pli�ers achieve very wide input matching, they su�er from high NF and low gain,

which makes this ampli�er topology unfavorable when the noise performance of the

overall receiver system is considered.

(2.6) Z in =
ro

1+ gmro
:

Finally, the most commonly used technique is implementing an input matching net-

work to achieve power and noise matching at the same time. By implementing

a matching network, high gain and noise matching are achievable; however, due

26



Figure 2.17 Common-gate ampli�er topology.

to the lossy behavior of the on-chip inductors and capacitors, matching networks

cause losses and increase the NF. Moreover, to have an input matching over a wide

bandwidth, a matching network should consist of several components, which means

higher complexity matching networks must be designed for wider bandwidths. This

situation results in the utilization of more on-chip passive components, which leads

to increased NF, lower gain, larger die area, and cost. Due to the disadvantages

of on-chip matching networks, in this work, o�-chip wirebonds are used in the in-

put matching network, and on-chip inductors are mostly avoided to have the best

noise performance over a very wide bandwidth. 3D visualization of the series gate

wirebond, WBG, and series source wirebonds, WBS, are shown shown in Fig. 2.18.

Due to the design choice of having around 130 pH inductance at the source node,

4 wirebonds are parallel connected to decrease the e�ective inductance value at the

source node. The used wirebonds can be modeled as a3rd order low-pass �lter with

capacitor-inductor-capacitor con�guration as shown in Fig. 2.19. The EM simu-

lated wirebonds are modeled according to the wirebond model, and their modeled

capacitance and inductance values are given in Table 2.2. The approximate length

for the gate wirebond is around 2.5 mm and 0.4mm for the source wirebonds.

Table 2.2 Lumped component values for lumped wirebond model.

Wirebond
Name

Number of Wirebond Cpackage Cpad Lwirebond

Gate Wirebond 1 225 fF 2 nH 130 fF
Source Wirebond 4 N/A 170 pH 130 fF
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Figure 2.18 Wirebonds in the input matching network.

Figure 2.19 Wirebond lumped component model.

2.4.2 Ampli�er Design

Since the linearity of a receiver is a critical aspect due to the existence of in-band

interferers, LNA's linearity performance becomes more important. Hence, in this

work, two di�erent LNA versions are designed, which utilize di�erent OIP3 im-

provement methods. These two versions share the main ampli�er block; however,

they use di�erent auxiliary ampli�ers to cancel 3rd order inter-modulation products

(IM3). The schematic of the main ampli�er block is shown in Fig. 2.20. In Fig. 2.20

wirebonds are shown with a symbol of an inductor with a box, and the equivalent

inductance of the wirebonds is modeled and written.

The ampli�er stage consists of a two-stage cascode ampli�er to have a high gain

which is critical when the noise suppression and the overall NF of the receiver

are considered. Due to the noise penalty of cascode topology with respect to the

CS topology, all other noise sources' e�ects are minimized by having an optimized
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Figure 2.20 Ampli�er stage of the designed SOI LNAs.

Figure 2.21 NFmin of FB and BC FETs at their respective optimum current density.

design. First of all, cascode ampli�ers' CS devices are designed by using the �oating-

body (FB) transistors instead of body-contacted (BC) transistors since the �oating-

body transistors achieve higherf T and f max due to lacking parasitic capacitances

of the body node. Therefore, this transistor type is more advantageous for LNAs

due to having lower NFmin as shown in Fig. 2.21. where transistors are biased such

that the minimum possible NFmin is obtained for each transistor type.
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Figure 2.22 The relationship between the NFmin , bias voltage and the current density
of FB FET.

Secondly, the bias voltage of the �rst CS device is chosen accordingly after �nding

the optimum current density that makes it possible to obtain the lowest NFmin . The

relationship between the NFmin , current density and the bias voltage is shown in

Fig. 2.22.

For the selected bias voltage, the device size of the CS device should be selected

for the best NF performance. Since the high-Q wirebonds are available for the

input matching network, very low NF is achievable with the conventional noise and

power matching method. However, due to the physical limitations, the maximum

length and equivalent inductance of the wirebond at the input is limited, which may

restrict the application of the conventional method. Because of this, the device size

of the CS device is selected according to Eqn. (2.4). According to Eqn. (2.4) as the

device size of the CS device increases (i.e.,CGS and gm increase) real part of the

input impedance remains constant; however, the imaginary part increases, which is

similar to increasing the series gate inductance. A similar e�ect can also be realized

by connecting an external capacitor between the gate and source nodes of the CS

device, although, with this approach, the real part of the input impedance decreases,

which is already smaller than 50-
 in general and causes NF and power gain penalty.

Therefore, in this work, the device size of the CS device of the �rst cascode stage is
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Figure 2.23 S11 and � opt for CS devices with 700�m and 400�m device width.

selected as 700�m instead of 400�m , which is the optimum device size that places

the � opt of the center frequency on the R=1 cycle on the Smith Chart. S11 and � opt

of the CS device with a size of 700�m and 400�m are shown in Fig. 2.23.

Moreover, to increase the stability and the linearity performance of the LNA, wire-

bonds are used at the source node of the CS devices, which act as degeneration

inductors. Another improvement in the stability is achieved by using de-coupling

resistors, which are connected in series to bypass capacitors are supply nodes and

the gate node of the CG device at the second cascode ampli�er. Due to de-coupling

resistors, the Q-factor of the capacitors is signi�cantly decreased, which introduces

resistance-related loss to the node and decreases the chance of oscillation. The last

stability improvement is obtained by choosing bypass capacitors at the gate node

of the CG devices, not too large. If these bypass capacitors were chosen as very

large capacitors, these gate nodes would be signi�cantly RF-bypassed, which leads

to higher power gain; however, choosing these capacitors as small capacitors creates

a degeneration similar to degeneration at the source node of a CS device and improve

the stability. Therefore, it can be stated that there is a trade-o� between the power

gain and stability when choosing these capacitors' sizes. In addition to stability,

using small capacitors also improves the linearity of the ampli�er, again, similar to

the source degeneration case. Due to these reasons, 3 pF and 2 pF capacitors are
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Figure 2.24 Cascode auxiliary post-distortion circuit with the second cascode am-
pli�er stage.

used at the gate nodes as bypass capacitors.

2.4.3 Linearity Improvement

Two di�erent improvement techniques are realized to improve the OIP3 performance

and suppress the IM3 components. In the �rst technique, the post-distortion method

has been used by designing an auxiliary cascode ampli�er that is connected to the

output of the LNA as shown in Fig. 2.24.

The generated current components of the M1 can be modeled by the Eqn. (2.7)

where gm1 is the transconductance,g
0

m1 is the �rst-order derivative of gm1 and

g
00

m1 is the second-order derivative of thegm1. The inter-node voltage (V2) can be

calculated by using the Eqn. (2.8). Assuming that M2 and M4 are linear transistors,
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the current components of the M3 can be calculated by using the Eqn. (2.9). Finally,

the fundamental tone and the3rd order signal component at the output can be found

from Eqn. (2.10).

(2.7) I main = gm1V1+ g
0

m1V12 + g
00

m1V13:

(2.8) V2 =
gm1V1+ g

0

m1V12 + g
00

m1V13

gm2
:

(2.9) I aux = gm3V2+ g
0

m3V22 + g
00

m3V23:

(2.10a) I 1total = gm1(1 �
gm3

gm2
)V1:

(2.10b) I 3total = ( g
00

m1(1 �
gm3

gm2
) � g

00

m3(
gm1

gm2
)3 � g

0

m3
2g

0

m1gm1

g2
m2

)V13:

Eqn. (2.10) indicates thatI 3total can be cancelled out by carefully selecting thegm2

and gm3. However, this method also introduces small gain loss, which can not be

avoided. Although, the gain loss can be minimized by selecting a smallgm3 and an

appropriate gm2. The 3rd order current components of the current at the output of

the auxiliary circuit, main ampli�er, and the whole LNA is shown in Fig. 2.25.

Since thegm and parasitic capacitances depend on the frequency for high-frequency

RF ampli�ers, this post-distortion yields strong IM3 cancellation for a limited fre-

quency range. To achieve a strong IM3 cancellation over a wide bandwidth between

the 2 - 5 GHz, gm3 should be adjustable and set for the frequency of operation.

This can be achieved through several methods. First of all, several devices can be

connected with switches and form a transistor bank where switches are controlled

digitally and required gm3 is obtained by turning on or o� the switches. This method

can be applied by dividing the frequency range into smaller ranges, and for each

range, an appropriategm3 would be selected. Afterward, the transistor bank can be
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Figure 2.25 IM3 current components at the output of the main, auxiliary, and the
overall ampli�er.

designed to obtain several states where all frequency sub-ranges andgm3s are aimed

to be covered. However, this method comes with a trade-o� between the high design

complexity and OIP3 performance. If the frequency sub-ranges are chosen as very

narrow, the number of states for the transistor bank will increase signi�cantly. On

the other hand, if the frequency sub-ranges are chosen widely, the whole sub-range

could not bene�t from the IM3 cancellation equally since for the selectedgm3, IM3

gets perfectly canceled out for only a single frequency in that sub-range.

Another method to alter the gm3 is by changing the DC operating conditions of the

M3. In this work, M3's operating condition is aimed to be adjusted by externally

applying the bias voltage to M3's gate. An external control signal is resistively

voltage divided with a ratio of 1:10 as shown in Fig. 2.24 to have better control

over the applied gate voltage. The circuit is simulated with and without the cascode

ampli�er post-distortion technique by applying a two-tone test. The spacing between

the tones is selected as 10 MHz, and for the post-distortion case, the best control

voltages for the auxiliary circuit are applied. The results are shown in Fig. 2.26.

Apart from the cascode auxiliary post-distortion technique, another post-distortion

technique with diode-connected FET is also realized. Similar to cascode auxiliary

variation, the diode connected technique also includes an additional circuitry that is
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Figure 2.26 Simulated OIP3 with and without cascode auxiliary post-distortion tech-
nique.

connected to the inter-node of the second cascode ampli�er stage. Although, since

the additional circuit is diode-connected, sampling and the mixing node are the

same, which was not the case for the cascode auxiliary version. Additionally, even

though it is called a diode-connected circuit, it is only RF-wise diode-connected. In

reality, FET's gate and drain nodes are separated in DC with a DC block capacitor.

The schematic of the diode-connected auxiliary post-distortion technique is shown

in Fig. 2.27.

Similar to the cascode auxiliary version, for the diode-connected auxiliary version,

the generated current components of the M1 can be modeled by the Eqn. (2.7)

wheregm1 is the transconductance,g
0

m1 is the �rst-order derivative of gm1 and g
00

m1

is the second-order derivative of thegm1. However, due to having a diode-connected

device at the inter-node, the inter-node voltage is slightly di�erent from the other

case, and to �nd the inter-node voltage (V2), the Eqn. (2.11) can be used. Assuming

that M2 is a linear transistor, the current components of the M3 can be calculated

by again using the Eqn. (2.9). Finally, the fundamental tone and the3rd order

signal component at the output can be found from Eqn. (2.12).
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Figure 2.27 Diode-connected auxiliary post-distortion circuit with the second cas-
code ampli�er stage.

(2.11) V2 =
gm1V1+ g

0

m1V12 + g
00

m1V13

gm2 + gm3
:

(2.12a) I 1total = gm1(1 �
gm2

gm2 + gm3
)V1:

(2.12b) I 3total = ( g
00

m1(1 �
gm3

gm2 + gm3
) � g

00

m3(
gm1

gm2 + gm3
)3 � g

0

m3
2g

0

m1gm1

(gm2 + gm3)2 )V13:

Eqn. (2.12) indicates thatI 3total can be cancelled out by carefully selecting thegm2

and gm3. However, this method also introduces small gain loss, which can not be

avoided. Although, the gain loss can be minimized by selecting a smallgm3 and an

appropriate gm2.
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Figure 2.28 Simulated OIP3 with and without diode-connected auxiliary post-
distortion technique.

Similar to the cascode auxiliary case, IM3 cancellation depends on the frequency of

operation. Control of the gm3 through an analog control signal is also preferred in

this version to obtain a strong IM3 cancellation over a wide bandwidth. An external

control signal is resistively voltage divided with a ratio of 1:2 as shown in Fig. 2.27 to

have better control over the applied gate voltage. The circuit is simulated with and

without the cascode ampli�er post-distortion technique by applying a two-tone test.

The spacing between the tones is selected as 10 MHz, and for the post-distortion

case, the best control voltages for the auxiliary circuit are applied. The results are

shown in Fig. 2.28.

2.4.4 Measurement Results

Both versions of the LNAs are sent for tape-out and fabricated in GlobalFoundries

130 nm SOI CMOS technology. The chip layouts of the designed LNAs are similar

because LNAs only have di�erent auxiliary circuits. Therefore, only the chip layout

of the cascode auxiliary LNA version is shown in Fig. 2.29. Total die area is 0.64
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